The high mortality associated with conventionally resuscitated septic shock and the subsequent multiple-organ failure remain a very significant and costly clinical problem. Conventional simple intravenous resuscitation (CR) from septic shock often fails to restore the progressive splanchnic vasoconstriction and hypoperfusion, and fails to reverse gut-derived systemic inflammatory response and fluid sequestration. Numerous interventions have been used to protect organ systems and cellular viability from the lethal injury accompanying hypoperfusion and ischemia but none of these efforts have been sufficient to halt or reverse the main course of the pathophysiology noted with conventional resuscitated shock. Recently, some studies have found that in hemorrhagic shock, direct peritoneal resuscitation (DPR) not only produces sustained hyperperfusion in viscera but also has immunomodulatory and anti-fluid sequestration effects. Although the etiology and pathogenesis of septic shock and hemorrhagic shock differ, both kinds of shock result in hypoperfusion of the intestines and other internal organs. In this paper, we seek to determine whether DPR has a similar therapeutic effect on septic shock/resuscitation.
Introduction
The high mortality associated with conventionally resuscitated septic shock and the subsequent multipleorgan failure remain a very significant and costly clinical problem [1] . The current treatment for patients with septic shock consists of rapid correction of the vascular deficit. However, studies have found that simple correction of the volume deficit does not fully restore tissue perfusion, despite the provision of overtly adequate volume resuscitation [2] . There are still major alterations in organ microcirculation and tissue metabolism associated with the genesis of an exaggerated gut-derived systemic inflammatory response and a massive fluid shift. Numerous interventions have been used to protect organ systems and cellular viability from the lethal injury accompanying hypoperfusion and ischemia. Some measures have been directed to improve perfusion, whereas others have attempted to enhance the metabolic processes or have used specific antagonists or synthesis inhibitors to modify the state of shock [3] [4] [5] [6] [7] [8] . Although blockade of one mediator might provide some protection or give insight into its role in the pathophysiology of shock, none of these efforts have been sufficient to halt or reverse the main course of the pathophysiology noted with conventional resuscitated shock. Thus, the issue of an overall therapy that modifies the pathophysiological process in septic shock/resuscitation remains to be resolved.
Recently, some studies have shown that hemorrhagic shock/resuscitation-mediated intestinal microvascular vasoconstriction and hypoperfusion can be reversed using direct peritoneal resuscitation (DPR), regardless of the timing of DPR [9, 10] . This technique uses a clinical peritoneal dialysis solution. Initiation of DPR as adjunct to conventional resuscitation from hemorrhagic shock produces an instant and sustained vasodilation and hyperperfusion of the gut. Furthermore, this splanchnic and distal hyperperfusion occurs without adverse effects on hemodynamics. In addition, the studies also found that DPR has significant therapeutic potential in attenuating the systemic inflammatory response and fluid sequestration associated with CR from hemorrhagic shock [11] . The etiology and pathogenesis of septic shock and hemorrhagic shock differ; however, both kinds of shock result in hypoperfusion of the intestines and other internal organs [2, [12] [13] [14] [15] [16] [17] [18] [19] . Therefore, we propose that DPR has a similar therapeutic effect on septic shock/resuscitation. This study was designed to evaluate the therapeutic potential of DPR on hemodynamic parameters, the systemic inflammatory response, and the fluid sequestration associated with CR from septic shock.
Materials and Methods
The research protocol complied with the regulations regarding animal care as published by the Chinese Ministry of Science and Technology and was approved by the Institutional Animal Use and Care Committee of China Three Gorges University. Adult male Sprague-Dawley rats weighing 200 25 g were purchased from the Experimental Animal Center of Wuhan University and were maintained at the Animal Research Center of China Three Gorges University with a 12 h light-dark cycle and free access to standard laboratory rat food and water.
Surgical Preparation.
All animals and experimental interventions were performed under aseptic conditions. Anesthesia was induced using 2% urethane (1.2 g/kg) intraperitoneal injection, and supplemental subcutaneous injections (25% the original dose) were given as needed to maintain a surgical plane of anesthesia throughout the experimental protocol. The room temperature was controlled at 26 C. Surgery was carried out after loss of the blink and withdrawal reflexes. The left carotid artery and right jugular vein were isolated by dissection and were cannulated with PE-50 catheters. The arterial catheter was used for blood sampling and continuous monitoring of arterial pressure. The venous catheter was used for administration of LPS and fluid resuscitation.
Experimental Protocol.
Septic shock was achieved using intravenous LPS. Before administration of LPS, the animals were maintained in a steady state, as defined by stable MAP for at least 30 min. Arterial pressure was measured continuously and was recorded in real time. At T 0 min, Escherichia coli LPS (serotype O111 : B4; Sigma, St Louis, MO; 15 mg/kg) was administered intravenously [20] [21] [22] [23] . We used a dose that was slightly lower than that of the study by Venkataraman et al. [23] with the goal of increasing survival time and, thus, observation time. When the MAP decreased to be lower than 60 mmHg or the decrease from baseline was not less than 40 mmHg, the rats were randomly assigned to one of three treatment groups (n 12 each), which were designated CR, IPS, and DPR. Animals in all groups were resuscitated rapidly with 25 mL/kg compound sodium lactate solution infused intravenously from an infusion pump for 30 minutes, and this intervention has been shown to convert classic LPS-induced hypodynamic shock to hyperdynamic shock that more closely resembles human sepsis [24, 25] . No further intervention was provided after this point in CR group. The IPS group was followed by an intraperitoneal injection of 0.9% saline (100 mL/kg) and the DPR group received an intraperitoneal injection of 2.5% low calcium peritoneal dialysis solution (100 mL/kg). The MAPs of all rats were continuously monitored. Blood samples for measurements of circulating concentrations of inflammatory mediators were obtained at baseline (i.e., after surgical preparation, but prior to LPS injection) and at T 1 h, T 2.5 h, and T 3.5 h after injection of LPS. Blood samples for measurements of blood gas were obtained at T 3.5 h and were immediately inspected with an automatic blood gas analyzer. Blood samples for measurements of inflammatory mediators were collected in iced tubes. The samples were centrifuged (2000 g for 10 min), and the plasma was aspirated and frozen at 60 C until assayed. Tissue samples for measurements of inflammatory mediators and the dry weight to wet weight ratios were harvested 20 hours after resuscitation. Tissue samples for measurements of inflammatory mediators were collected in iced tubes and were frozen at 60 C until assayed.
Experimental Groups.
The rats were randomized to one of three experimental groups after the septic shock was induced: the CR, IPS, and DPR groups. The CR group (n 12) received only conventional simple intravenous resuscitation. The IPS group (n 12) received CR in addition to an intraperitoneal injection of 100 mL/kg of 0.9% saline (IPS). The DPR group (n 12) received CR plus DPR with a clinical 2.5% low calcium peritoneal dialysis solution 100 mL/kg (containing 2.5 g glucose water, 538 mg sodium chloride, 448 mg sodium lactate, 18.3 mg calcium chloride, and 5.1 mg magnesium chloride, with a pH of 5.2 and an osmolality of 395 mOsm/L). The solution was injected intraperitoneally at the end of CR.
Cytokines Assay.
The sandwich enzyme-linked immunosorbent assay technique (ELISA) was used, as suggested by the manufacturer, to determine cytokine profiles (IL-6, TNF-α) in the serum and IL-6 levels in the liver, lung, and small intestine. ELISA kits were purchased from Bio Co., Ltd. Shanghai Xitang (produced by Sigma Corporation). An amount (1.0 g) of tissue was removed and placed in 10 mL of saline buffer at 4 C. Samples were homogenized for 30 seconds, and homogenates were ultracentrifuged at 5 000 rpm for 15 minutes at 4 C. The total amount of cytokines in the supernatants was measured with an enzymelinked immunosorbent assay. Briefly, 96-well plates were coated with coating antibodies (Endogena, Woburn, Mass.). After inhibition of nonspecific binding, prediluted cytokine standard and experiment samples were added for 2 hours at 37 C; then, biotin-labeled antibodies (Endogena) were added for 1 hour at 37 C; enzyme conjugate was added for 0.5 hour at 37 C. Color was developed using the TMB substrate (3, 3 ì , 5,5 ì -tetramethylbenzidine) for 15 minutes and was stopped using 2N H 2 SO 4 . Adsorbance was interpreted at 450 nm. The amount of cytokines was determined from a standard curve and expressed as pg/mL.
Fluid Sequestration.
Total tissue water content was assessed from the dry weight to wet weight ratios in the liver, small intestine, and lung. Tissue samples of about 10 g were collected from the 20-hour survivors and dried to a constant weight.
Statistical Methods.
Results are expressed as means SD unless stated otherwise. Differences in survival times between CR, IPS, and DPR were analyzed using the chisquare test. Differences among groups were compared using one-way analysis of variance and the Bonferroni posttest. A result was considered to be significant if the probability of a type-one error was P less than 0.05.
Results

Changes in Mean Arterial
Pressure. Animals from the three groups were matched for body weight. There were no significant differences in baseline hemodynamics between the three groups. As expected, septic shock caused a decrease in mean arterial pressure (Figure 1 ). Resuscitation from septic shock restored mean arterial pressure to near normal levels. Compared with CR and IPS, septic shock mean arterial blood pressure levels were stabilized by DPR after resuscitation (Figure 1 ).
Various Arterial Blood Gas Parameters.
After the resuscitation, blood lactate concentrations were significantly less in the DPR group compared with CR and IPS at T 3.5 h. The degree of acid-base imbalance in the DPR groups was significantly lower than in the control groups. There were significant differences in blood pH, HCO 3 , BE(B), and BEcef between the DPR and control groups (Table 1) .
Cytokine Profiles.
Septic shock and resuscitation caused a significant change in cytokine production. However, the serum and tissue cytokine profiles differed depending on the resuscitation technique. DPR from septic shock was associated with the lowest production of the proinflammatory mediators TNF-α and IL-6 in systemic blood (Figure 2 ) and IL-6 in all tissues (Table 2) investigated. This low level of cytokine secretion was associated with a downregulation of the proinflammatory mediators TNF-α and IL-6 in the tissues and systemic blood. Intraperitoneal infusion of normal saline (IPS) as an adjunct to CR caused less of a decrease in TNF-α and IL-6 in systemic blood when compared to CR.
Fluid Sequestration.
Compared to the animals in the DPR group, animals in the CR and IPS groups at 20 hours after resuscitation had a lower weight to wet weight ratio in the liver, intestine, and lung, indicating significant edema formation and fluid sequestration in these organs (P 0.05). In comparison, dry weight to wet weight ratios for these organs in the IPS group were similar to those of the CR group (Table 3 ). In addition to the failure of fluid mobilization in the CR and IPS groups, which translates into a significant fluid sequestration, 42% and 25% of these animals, respectively, died within 20 hours, compared to the 17% in DPR.
Discussion
Most visceral organs experience persistent deterioration in blood flow after septic shock with conventional intravenous resuscitation (CR), despite restoration of hemodynamics using aggressive fluid therapy [2, 26] . This may be related to an obligatory sequestration of fluid in the intracellular and interstitial compartments, especially in the gut and heart [27] . These pathophysiological events result in persistent mucosal ischemia, loss of mucosal integrity, bacterial translocation, and release of proinflammatory/anti-inflammatory mediators, providing overwhelming laboratory and clinical evidence that splanchnic hypoperfusion is a major factor in the systemic inflammatory response after conventionally resuscitated septic shock [28] [29] [30] [31] . Recently, some studies have shown that adjunct intraperitoneal resuscitation with clinical peritoneal dialysis solutions enhances splanchnic perfusion and improves blood flow to organs distant from the peritoneal cavity in hemorrhagic shock [32] . In the present study, we demonstrated that adjunct DPR results in hemodynamic stability, reduces the acid-base imbalance, and results in both antifluid sequestration and immunomodulatory effects in a rat model of septic shock after rapid intravenous fluid resuscitation, which translates into improved outcomes.
The primary pathogenesis of septic shock is vascular disorders. In studies of hemorrhagic shock, DPR has been found to have a significant regulatory effect on visceral blood vessel disorders [9] [10] [11] . In our study, after rapid intravenous fluid resuscitation, the MAP of all groups was close to 80 mmHg. however, the MAP of DPR animals after intravenous resuscitation was more stable than in the other groups, indicating that DPR may play a role in both vascular regulation and rehydration.
We observed that resuscitation of a rat model of septic shock with CR plus DPR instead of CR was associated with lower blood lactate concentrations and lesser acid-base imbalance. It is plausible that resuscitation with additional DPR may be associated with lower lactate levels secondary to improved tissue perfusion. Increasingly, however, it is becoming apparent that hyperlactatemia in sepsis or endotoxemia is less a reflection of impaired oxygen delivery than a profound alteration in intermediary metabolism that favors a marked increase in glucose-to-lactate flux, independent of tissue oxygenation [33] . Therefore, it is conceivable that the anti-inflammatory effects of DPR modulated LPS-induced aerobic glycolysis in various cell types, thereby reducing the circulating levels of lactate.
The body's immune response to noxious stimuli can lead to tissue damage and organ dysfunction. The degree of activation of this response depends on the balance of proinflammatory cytokines, such as IL-6, and TNF-α, and the cytokine secretion inhibitory factor. TNF-α, IL-6 and other inflammatory cytokines are involved in septic shock and inflammation after resuscitation and play an important role in the subsequent progression of the disease. In particular, TNF-α was recognized as a primary mediator of endotoxin shock and multiple organ dysfunction [34] . IL-6 is a cytokine that is synthesized and secreted by various phagocytes after stimulation and plays a variety of biological roles. It can cause shock to advance from reversible to irreversible and has a significant correlation with the prognosis of the patient. There is a significant correlation between plasma IL-6 levels, the function of important organs, and the survival of animals [35] . In the present study, it is likely that DPR exerted its maximal downregulation effect on TNF-α and IL-6 during their peak elevation in the early phase after CR.
The tissue dry weight to wet weight ratio reflects the degree of fluid sequestration. After septic shock, liquid transfers between the different organizational compartments. The water was isolated inside the cell and the tissue space, causing clinical tissue edema. We found in experiment that the animals in the DPR group had higher tissue dry/wet weight ratios. The mechanisms that allow DPR to prevent or reverse fluid sequestration are related to the osmotic stress produced by the intraperitoneal solution (Lactate-G2.5%) that is used for DPR. Under normal physiologic conditions, fluid flow across the capillary wall is determined by the capillary hydraulic permeability and the transcapillary hydrostatic and oncotic pressures (Starling forces). The imbalance in the Starling forces favors a slight continuous fluid filtration from the vascular space, which is balanced by an equal interstitial fluid volume outflow through lymphatics; therefore, the interstitial fluid volume and pressure are kept constant. DPR adds a filtration force to the transcapillary Starling forces and creates a crystalloid osmotic gradient. Under conditions of crystalloid osmotic transient, if only 1.5% to 2% of the capillary hydraulic permeability is accounted for by transcellular water-exclusive pathways (Aquaporin-1), then 50% of the osmotic water flow occurs through these Aquaporin water channels, whereas the other half occurs through paracellular pathways [36, 37] . The osmotic-driven ultrafiltrate is not exclusively derived from the vascular volume; however, a larger fraction is derived from the cellular water of all tissues bordering the peritoneal cavity [38, 39] , as hyperosmolality is a major factor in the mechanisms of cell volume regulation acting through modulation of transcellular ionic exchange [33, 40] . In addition to an osmotic effect, the intraperitoneal Lactate-G2.5% changes the intraperitoneal hydrostatic pressure in a nonlinear fashion depending on the instilled volume [39, 41] . These intraperitoneal forces cause simultaneous osmotic-driven water flux into the peritoneal cavity and, in the opposite direction, a subordinate hydrostatic-driven fluid convection into tissues bordering the peritoneal cavity, especially the abdominal muscle. Although the osmotic water flow is limited by dissipation of the osmotic gradient due to glucose absorption, the hydrostatic-driven water flow promotes tissue hydration, restores lymph flow, and constitutes a slow resuscitation compartment, which expands the vascular volume over time [11] .
The redistribution of blood in septic shock-induced microvascular impairment together with a systemic inflammatory response results in a redistribution of blood flow between and within vital organ systems. The redistribution of blood flow results in the peripheral microcirculation insufficiency. In particular, shock causes low capillary blood flow via reduction in perfusion pressure, edema of the endothelial lining, and subsequent plugging of capillaries by activated leukocytes. The immediate effect of these capillary events is a reduction in the number of perfused capillaries and deregulation of the capillary Starling forces governing the basic capillary function of the transcapillary fluid exchange. Intravascular CR is intended to rapidly restore intravascular volume and is considered adequate when central hemodynamics are restored to normal levels. However, CR from septic shock often fails to correct the multifaceted pathophysiologic capillary perfusion/functional deficits of the shock syndrome [11] . Furthermore, CR correlates with the time at which reperfusion injury occurs [42] . Although ischemia of tissues determines the extent of reperfusion injury, it is becoming increasingly evident that this injury occurs and is related to the immune system activation during conventional intravascular fluid resuscitation [43, 44] . This activation elicits an exaggerated systemic inflammatory response, which affects neutrophils and, thus, the microcirculation, especially those of the visceral organs.
Recently, Hopkins et al. [45] used peritoneal infusions of 2.5% dextrose solution as an adjunct to resuscitation of two very-low-birth-weight infants having perforated necrotizing enterocolitis. In the report, dextrose appeared to control the shock state to allow for general anesthesia and major surgical resection. This is similar to our experimental results. In view of the positive effects of DPR on septic shock in both our study and Hopkins' clinical report, we propose that, under the appropriate conditions, a cautious clinical trial is feasible. However, although our study proved that DPR may have some positive effects on resuscitation in septic shock, it was only preliminary and did not further explore the optimal method and dose of DPR, the effect difference of DPR in different resuscitation conditions and the mechanism of DPR in septic shock, and so forth, all of which were worthy of further study to provide more research supports for this new method in septic shock.
Conclusion
In conclusion, DPR is a new resuscitation technique that is conceptually different from either the conventional crystalloid resuscitation or the low-volume intravascular hypertonic saline resuscitation. DPR uses a balanced salt solution containing glucose as an osmotic agent. This clinical solution is administered intraperitoneally at the time of CR completion. The present study demonstrates that DPR as an adjunct to CR has beneficial effects on the pathophysiology of septic shock, including stabilizations in hemodynamic parameters, reductions in acid-base imbalances, immunomodulation, and decreased fluid sequestration. With further research, we believe that adjunct DPR may play an increasingly important role in the future management of septic shock.
